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A b s tra c t  : T h e  current status o f  properties  and s ignals o f  q u a rk  g lu on p lasm a (Q G P )  is 
re v ie w e d . W e  fin d  that the s im ple  equations o f  state (E O S ) used fo r the descrip tion  o f  Q G P  as 
w e ll as hadron gas ( H G )  shold be pro p erly  m o d ifie d  to account fo r  the in teractions present. W e  
b rie f ly  re v ie w  the p ro m is in g  s ignatures e x is in g  in  the  lite ra tu re . W e  fin d  that the  recent J/*¥  
su p p ress io n  o b s e rv ed  by  N A 5 0  e x p e r im e n ts  g iv e s  a c le a r  h in t fo r  the  d e c o n fin e m e n t  
phase tra n s itio n . W e  discuss how  the v a ria tio n  o f  0/{p  +  or) w ith  energy  density  can y ie ld  an  
u n am b iguous  signal fo r  Q G P  fo rm atio n . F in a lly  w e  discuss the recent w o rk  connected w ith  the  
b a ry o n -d e n s ity  in h o m o g e n e ity  created  in  the e a r ly  u n ive rs e  due to a q u a rk -h a d ro n  phase  
transition .
K e y w o rd s  : Q u a rk  g lu o n  p lasm a, h e avy  ion  c o llis io n s , e q u a tio n  o f  state , had ro n  gas. 
early  universe
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1. Introduction
QCD predicts the existence of a phase transition from an ordinary hadronic matter to a 
p l a s m a  of quarks and gluons (QGP) whenever the energy density c exceeds its value 
existing inside a proton (£P = 0.5 GeV/fm3). A large energy density can be achieved in two 
w a y s  : cither by compression which means putting more and more particles in a given 
volume, or by heating the vacuum which means increasing the particle kinetic energies. In 
the new phase hadrons dissolve into weakly interacting quarks and gluons and an ideal 
colour-conducting plasma of quarks and gluons is formed. In a QGP medium, the long 
r a n g e  colour force is Debye screened due to collective effects in the same way as noticed in 
the case of an-electromagnetic plasma. In QCD, the potential consists of two parts : one 
coulombic part and the other is a linearly rising confinement potential. The long range 
behaviour of this potential is screened in a dense medium as or —► a r D (1 -  e~ r^D). Thus at 
ve ry  high density when r $ rD- colour screening will dissolve a hadron into its coloured
c " u il cpsingh <g> b a n a ra v e m e l.in © 1998 I ACS
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quark constituents so that a colour-conducting phase appears from a colour-insulator phase 
through a deconfining phase transition.
The discovery and proper understanding of QGP is of paramount significance for 
QCD since it foretells the long-range behaviour where the theory is still poorly understood. 
The two different phases correspond to different states of vacuum in QCD : the perturbative 
vacuum in which quarks and gluons propagate almost freely and the physical, non- 
perturbative vacuum which is relevant for the low-energy hadrons. Phase transition in QCD 
at high temperature is useful in the cosmological studies, e.g. possible formation of a 
baryon number inhomogeneity which persists to the epoch T =z 100 MeV could affect 
primordial nucleosynthesis yields of light elements. Such inhomogeneity can also result in 
the formation of a stable or metastable strange quark nugget and it can also explain the dark 
matter. It has also been suggested that primordial black holes and primordial magnetic- 
fields can originate in a first order QCD phase transition. The QGP phase of matter can also 
provide a key information about the inner core of a neutron star having a very large nuclear 
density.
Ultra-relativistic heavy-ion collisions provide us the opportunity to search for the 
QGP formation in the laboratory. A large number of particles produced in a finite volume 
of the collision give rise to a large value of energy density. Such a large energy density can 
be achieved in two ways (which is shown schematically in Figure la ): either by healing the 
nuclear matter so that the kinetic energy of the particles becomes higher or by compressing 
the matter so that the baryon density becomes extremely large. The evolution of produced 
matter is governed by relativistic hydrodynamics which is shown in Figure lb. In bothMie 
cases the hadrons come closer to each other and the distance between the quarks decreases 
resulting in a very weak force between them. The phase diagram of hadron gas and QGP 
has been shown in Figure 2. One expects that the hadrons exist in the low density, low 
temperature region while the high density, high temperature region is populated by quarks 
and gluons. The precise determination of the critical line is done by using the Maxwell’s 
construction of the first-order equilibrium phase transition.
The simplest QCD motivated model which indicates the formation of QGP is the b a g  
model of hadrons. In the bag model, a hadron consists of a set of quarks moving freely 
inside a bag of finite dimension and quarks acquire infinite mass outside the bag. Free 
quarks and gluons can only propagate where the complex structure of QCD vacuum has 
been destroyed. The value of the vacuum pressure B represents the energy required as a 
result of such kind of vacuum re-alignment. In other words, the-phenomenological quantity 
summarises the interaction effects which arc responsible for a change in the v a c u u m  
structure between the low temperature and the high temperature phases. Minimising the 
energy of a spherical bag, one gets the equilibrium energy density inside a proton e0 = 4 B 
which is also the latent heat density required for a deconfining phase transition. If the 
pressure of the quark matter inside the bag is increased, there will be a point when the 
outward pressure arising due to the kinetic energy of the quarks becomes larger than the 
inward vacuum pressure B. In such situations, the bag cannot confine the quarks and it will
result into a new deconfined phase. The pressure of the quark matter increases when the 
temperature of the matter is large enough and/or the baryon density is quite large.
CENTRAL NUCLEAR COLLISIONS
Before colHalon
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1- Nuclear STOPPING in system '•  center of i
Expect maximum baryon density ( p j  to  be achieved In 
stopped nuclei at E ^  e* 10 Q eV/N for uranium .
Figure 1(a). Schematic diagram 
ol uliiu-rclativisiic nucleus-nucleus 
collision,
Case 2: Nuclear “ TRANSPARENCY"
Central region 
(m eson-rich, p , =* 0)
Expect minimum baryon density In central region afte r 
nuclei pass through each other at E . »  30 Q eV/N  
(equivalent to E ,^  a  2 TeV /N ).
+
M  •
Figure 1 (b ). Space mne evolution d ia g ram  in a nucleus-nucleus c o llis io n .
7 2 A (6 ) - I9
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The QCD Lagrangian is written as
= ~ mji Jv* -  ( I )
where the indices a, j, k are the colour-indices (a = I ■■■ 8; k s  1 .-3) and the covariant
derivative is
Z>S (2)
Similarly the gluon field tensor is
F r - 5 " c ; - 5 > ' c : - , t/ * c ' ,c ;  (3)
Here G^ are the gluon fields, T(l are the SU(3) colour generators, gs is the strong coupling, 
m/k is the quark mass matrix and fuhl are the structure constants of SU(3)c. An important 
symmetry of VgCD in eq. ( I) is the chiral symmetry. For massless fermions igco is invariant 
under global flavour roiations UR and UL for right and left handed spinors. For Nf flavours,
c . u l y  iiiiivlim:
F ig u r e  2 . Phase d ia g ra m  o f  the  s tro n g ly  in te ra c tin g  m a tte r  s h o w in g  the  
h a d io m c  phase ai lo w  tem p e ra tu re  and b a ry o n  d e n s ity , the  tra n s it io n  re g io n  
(m ix e d  phase), and the Q G P  phase
the matrices are N f x Nf  and they form a group U{Nj) x U{Nfi which has a proper chiral 
subgroup SU(Nf)  x SV(N f). For Nj  = 2, the group is SU(2) x SU(2) and two Noether 
currents lor a combined flavour and ft transformations are V* = Vfy#(Ttf/2)yf and 
AII = Ys ( / 2)  yr, where r^s are the Pauli isospin matrices. The vector current is 
conserved corresponding to isospin-invariance. However, partially conserved axial current 
satisfies PCAC relation d** A“ = C„<l>n where is the pion field. It means that the 
vacuum is not invariant under isoaxial rotations and hence the vacuum expectation value of 
operators iy/lf/) * 0 .
2. Lattice calculations
Phase transitions can be examined through the behaviour of an order parameter. A 
discontinuous change m the order parameter at the critical point characterizes a first order
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phase transition. For a second order phase transition, the order parameter changes 
continuously. In lattice gauge theory, one evaluates [5] the partition function.
I/T
Z(T, V) » | dydydG^  exp J dr  J d 3 jcJ? (4)
on a discretized space-time as a lattice of points with aa and aT as lattice spacings in 
space and time directions, respectively so that V = (Na aaf  and T = (N p TY'. Thus 
infrared and ultraviolet divergences are properly handled in the discretized lattice 
formulation with y  and y  as site variables. The link variable between two sites
IJn (*) = exp A' ( jc) ]  represents rotations in colour space. Finally, we Find
that the structure becomes equivalent to spin system and can be evaluated in an analogous 
way.
In order to determine the order of deconfinement phase transition in lattice 
calculations, one evaluates the order parameter as the expectation value of Wilson 
loop variable < L > = exp [-F/7] where F is the energy of a quark. Since F —»<» in the 
confinement regime, we get < L > = 0 but in the deconfined region, < L >  = constant (> 0). 
Similarly order parameter for chiral phase transition is ( y y )  and is a constant greater than 
zero for the constituent quarks but is zero for current quarks. In Figures 3(a<b), we show the
F ig u r e  3 ( a ) .  D e c o n fin e m e n t m easu re  <L> and c h ira l symmetry measure 
<  ipy  > , on  a 8 *  x  4  la ttice .
results of lattice gauge calculations and these results suggest that both these phase 
transitions occur almost at the &ame temperature. They are also first order phase transition 
because they involve a sudden change in energy density e. Similarly, a quantity {e - W ) / ! *  
which yields a measure for an ideal gas behaviour is not zero even at Trs 2T( and thus it 
involves considerable plasma interactions. When there are quarks in the theory, there is a
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big difference in physics for Nf = 0, 2/3 flavours respectively. Critical temperature depends 
on the number of flavours (Tc «  N }1'2). Similarly for Nf = 2 massless quarks, we get a 
continuous transition. For 3 massless quarks, the phase transition is of First order but 
for Nftz. 3 with two massless u, d quarks and ms > 0 , we again get a continuous transition. 
However, lattice simulations for nB * 0 involve some technical troubles and the calculations 
are not unambiguous ones.
Figure 3(b). T h e  energy  density  e and the pressure 3 /*, no rm alised  to ihe ideal 
B o ltzm a n n  gas lim it , according to  la ttice  ca lcu lations
One can construct first order phase transition by using Gibbs criteria tor equilibrium 
phase transition PHc = PqgP’ ^hg = TqgP’ Phg = Pqgp al l e^ critical point. In other words, 
one uses the condition
P hG (Tf’ Pc) =  PQGP O'c* Pc)- ^
However, one can obtain pressure in hadron gas (HG) or in QGP phase provided one has 
the proper knowledge of realistic equations of state (EOS) in both phases separately. If one 
simply write PK = PQ -B  for the case /i = 0 in eq. (5) where B summarizes the interaction 
effect in QGP phase, one gels Tc = 0.72 fll/4 or T, = 140 MeV for fll/4 = 200 MeV.
3. EOS for QGP
Recently there were some suggestions for modifying the EOS tor QGP by giving a fi and T- 
dependence to the bag constant B. Let the QGP hadronize at fixed T and p to a hadron gas 
(HG). If we calculate entropy per baryon (5 /B) ratio, we find that
( S I B )oop > ( S / B )HC (6)
This, however, violates the second thermodynamical principle. In order to cure this 
problem, either one should change T and n during mixed phase which is often referred as 
subsequent dilution and reheating, or one can fix T and n during phase boundary an
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where — I n Z 1**"1 =  —  j t 2 T 4 +  +  — ______ g t n  T )v  IIWJQ -  90* ‘ + 9 +  162IT2 ^ t , 7 )
and
B ^ ,D  = fio + ^  -  Jg .« * r> jr2(m.T)
(7)
assume isentropic equilibrium phase transition so that (S//?)qgp = t5/fl)Hc- The price one 
has to pay is to assign a Tand p dependence to the bag constant. Thus
dQGR ~ ^ qgp _  5Hg 
«QGP -  " qcp ” ho
u r ,r  3B(H,T) ,  r dB(m,T)where the correction factors Sj^ p = — —— and n^p = — ^ —
partition* function for QGP with massless u, d quarks and gluons:
TlnZgop 7-lnZ**1 T\nZl*
(8)
(9)
(10)
01 )
For T - *  large and p - > 0  case, we get expression for B(p, T) as 
I
9
x[cosh {p/T) -  l]
Similarly in the large density limit (i.e. p -> large, T -> 0 ), we get 
V7 1 1 UAT2
n * i f £ ) 3[i£  S9w2/i i
'  W ^ J  [ b " 2 e3 J
,  J i l . ]
s G f H ' - S F ' f ' G - s . ,  w
*here 9 = ( p 2 -  m2 ) '^ J . We have shown the variations of B(fi T) with ft and 
r  m Figures (4-5) using eqs. (13) and (12), respectively. "We find thalB(M,D decreases and
608 C P Singh
It - ao Mav i
F ig u r e  4 . V a n  at io n  o f  bag  pressure B(jit T) f ro m  eq  ( 1 3 )  w ith  b a ry o n  c h e m ic a l po te n tia l ( /i)  
at a tem p e ra tu re  T =  5 0  M e V  C u rv e  A  represents  the  free  Q G P  E O S  w ith  Bq *  =  2 3 5  M e V  
C u rv e  B represents  the in te ra c tin g  Q G P  E O S  w ith  Q C D  scale  p a ra m e te r A =  100  M e V *a n d  
B q / 4  =  2 3 5  M e V  and cu rve  C  fo r  A =  150 M e V  and Bq 4  =  2 3 5  M e V .  In  c u rv e  D  w e  have 
used Aq / 4  =  170 M e V  and A  =  100 M e V .
goes to zero also. Similar behaviour has also been obtained in other models as well. From 
eq. ( 12), it is obvious that at n = 0  we get
B(n = 0, T) = B0
9 B„
(14)
where 7 J = ^  ■ Similarly at T=0, we get from eq. (13):
fl(/i, T = 0) = fl0 - V
Mo )
(15)
where Hq 81 7T2
0 “ a ,(M ,0 ) 
models like QCD sum rules etc.
B0 . These kinds of equations have also been obtained in other
In Figure 6 we have shown the critical phase boundary obtained when 5(/ic, Tc)~  0. 
This phase boundary signifies the transition from hadronic matter to a plasma of completely 
free quarks and gluons. For comparison, we have also shown the phase boundary obtained
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1 >j » 5 0  M6V
F ig u r e  5 . V a r ia t io n  o f  b a g  p re s s u re  as o b ta in e d  fro m  e q . ( 1 2 )  w ith  te m p e ra tu re  ( D  at c o n s ta n t b a ry o n  
c h e m ic a l p o te n tia l / i  =  5 0  M e V .  T h e  nota tio n s  a re  the  sam e as in  g iv e t r in  F ig u re  4 .
F igu re 6 . C ritical etirve obtained from  the equation BUta Tc) =  0  is shown by a solid line (curve A) in the
tw o ex trem e regions o f  lu g e  7V. low Uc and large p0 low Tc respectively. The corresponding critical
curve obtained for the G ibbs condition o f  the pressure equality is shown by a  dashed line (curve B).
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using Gibbs criteria in isentropic phase transition. In Figure 7, we have demonstrated the 
variation of (e -  3P)/T* with temperature Tand w$ find the curve agrees with that obtained 
in lattice gauge calculations.
4. EOS for hadron gas
Wc can make attempt to modify the equation of state (EOS) for a hot and dense hadron 
gas. At a large T and M a large number of resonances are also present in the hadron gas 
giving rise to a large interaction. Attractive interactions can be accounted well by 
considering a large number of resonances in the HG. The main problem is how to 
account for the repulsive interactions in the proper EOS for HG. It has earlier been 
demonstrated that we must consider repulsive interactions in the HG at large and T, 
otherwise we do not get a unique phase transition point. Repulsions have been considered 
cither by considering mean field type approaches [14] or by using excluded volume 
approach [9-13] in which we give a finite hard-core volume to each baryon. In the mean 
field approach, the repulsive interaction results from a>(783MeV)meson exchange potential
V{r) = -  ^ -ex p (-m air) between two nucleons and hence it generates a potential energy 
4 7T f  ^
W(nB) = m ^ ’nB 'n a hadron gas with a net baryon density nB. In the case of early
universe nD = U, so W(nB) = 0 although HG contains a very large number of nucleons, anti­
nucleons and pions. In such situations, excluded volume approach is more successful and 
we write the expression for free volume V  = V -  I  ,N ,Vj  where /V, is the total number of
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baryons ol i-ih kind and Vt is the proper volume of one such baryon. Thus ihe excluded 
volume L, N ,  V, is subtracted from total volume. Thus Clcymans and Suhoncn [10J got for 
the net baryon density n, = /(I V( ), where m(° is the net baryon density of i-
th pointlike baryon species. Kuono and Takagi suggested that the repulsion exists either 
between a pair of baryons or between a pair of antibaryons and thus we gel:
"H (16)
In the Hagedron model, we get excluded volume proportional to pointlike energy 
density so that
'»B
noB
I + f ° / 4 B'
£°
I + £ ° /4 B
(17)
Al large I \  f ° / 4 B  )) I, so that £ = 4B. However, all these approaches lack 
thermodynamical consistency, Rischke et al [11] proposed the following modification to 
the grand partition function
Z °  (T, p, V - V  bN) = ^ e ^ t T Z C a . N ,  V -  NV „ ) 0(V -  NV„ ) (18)
JV=U
and then define the pressure partition function as
Z =  j j V e - i v Z°(T, f j . V-Vg/ V)  (19)
II we put p  = p -  T V = p -  Va  P cxcl, we shall get:
Z =  j<Jxe-S'Z<;(T,fj ,x)  (20)
so that we get a transcendental equation as
ncxcl(7 \p )
+ Vfin"(7\/i)
(21 )
obviously these equations are difficult to solve.
Recently, we formulated one unique way to incorporate excluded volume correction 
in a thermodynamically consistent way by directly doing the volume integral:
In Z. = «,A, J, dV i , dkk*iv,
= V ' ( l - £ n yV ,)A , , 1
exp
(k2 + m2) 1/2
(22)
where A, is thd fugagity of i-th species, /, is the remaining part of the integral. Thus we can 
write the following equation of n ,:
7 2 A (6 ) -2 0
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JD
= ( l  - * U , / ,  - / ,* ?  J p  (23)
where R = Zr^Vj is the fraction of the occupied volume. After simple manipulation, 
we get
R * ( l - K ) ' £ l , X , V , - 2 i I,X*Vl ^jL-  (24)
We can solve the differential eq. (24) by using the method of parametric line and get
R = j  e - t'lG', ') dt'/(e-'tci')) ( 2 5 )
where r = - 1/ / ,  V, A, and C(r) = /(a2 + / 2VV)(fl3 Thus the values o!some
of the parameters arc fixed arbitrarily. However, we can use the assumption that the 
number density of i-th species depends on its fugacity X, only and then dRjdk,  =
\
r  dk, V, . Thus we get a simple differential equation as
|r -  + ",[('//,M ?)+ CM.)] =. i - X"'1'' / M , ( 2 6 )
Its solution can be written as
", = [c?> / ( a > c x p t-i//,  v, a , ) -G ,)]- ( 2 7 )
f  A,
where Q, = exp ( -1 // ,  V,k,  )dkr
Jo
R = Y ," i Vi ~ ■v / ( | + ^)- 
X = ^ G ,/ ( A Iexp (-l//,V 1A()-Q ,)-
In Figures (8-9), we have shown the variations of baryonic pressure with temperature 
T and chemical potential /Jfl> respectively fora multicomponent HG. We find that the 
prediction of our recent model lies close to the model of Rischke et al [11] and ditlers 
considerably from the inconsistent Kuono-Takagi model at large Tand/or Figure 10 
we have demonstrated the prediction of our model for the variation of the entropy 
per baryon S/B  ratio with baryon chemical potential and we find maximum value ol 
S/B in the present model. This means that the present experimental value of S/B a r o u n d  
sixty can only be obtained in our present model which is thermodynamically consistent
one.
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F ig u re  8. Baryom c pressure rv baiyon chem ical potential /ip  at 7 = 200 MeV m a 
multicomponent HC with N, A. A  X- X *-  A*. .E baryomc com ponents and A\ K* mesons 
for strangeness conservation Curve A gives the prediction of the inconsistent appioach 
o f K uono and Takagt B yields the results oT out present calculation and C that of 
Rischcke el nl D icpresents the curve obtained in the Uddin-Smgh model
Figure 9. Variation o f baryonic pressure with temperature at = 0 MeV The notations 
for A. B. C. D are given in Figure 8.
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Figure 10. Variation of the entropy per baryon ratio S/B  with.baryon chemical 
potential ///j at T -  200 MeV in the inconsistent model of Kuono and Takagi (curve 
A), nui piescni iheimodynamically consistent model (curve B) and the model of 
kischkc c/ n /[ l l ]  (cuive C)
5. QGP signals
T l i c  Mu m l  a r i l  m e t h o d  l o r  t e s t i n g  i h e  Q G P  s i g n a l s  i s  t o  c o m p a r e ’t h e  p r e d i c t i o n s  o f  n u c l e u s -  
n u c l e u s  c o l l i s i o n  m o d e l s  i n c o r p o r a t i n g  t h e  p r e s e n c e  o f  a  Q G P  w i t h  t h e  p r e d i c t i o n  o f  m o t i e l s  
f u s e d  e n t i r e l y  o n  t h e  d y n a m i c s  o l  c o l o u r - s i n g l e t  h a d r o n s .  U n f o r t u n a t e l y  w e  d o  n o t  h a v e  a  
p i o p e r  t h e o i e t i c a l  u n d e r s t a n d i n g  o l  h i g h  e n e r g y  n u c l e a r  c o l l i s i o n s  [ I ] .  T h e  q u a n t i t a t i v e  
u n d e r s t a n d i n g  o f  t h e  b a c k g r o u n d  p r o c e s s e s  in  t h e  h a d r o n  g a s  i s  e s s e n t i a l l y  a  p r e r e q u i s i t e  
T h e  m o d e l s  o f  t h e  H G  v a r y  f r o m  t h e  t h e r m a l  m o d e l s  w h e r e  H G  i s  c o n s i d e r e d  a s  
e q u i l i b r a t e d  s t a t i s t i c a l  s y s t e m  t o  t r a n s p o r t  o r  c a s c a d e  m o d e l s  w h i c h  d o  n o t  i n v o l v e  
e q u i l i b r i u m  c o n c e p t s  b u t  a r e  b a s e d  o n  t h e  s u p e r p o s i t i o n  o f  h a d r o n - h a d r o n  c o l l i s i o n s .  N o  
o n e  h a s  y e t  d e v i s e d  a  c l e a n  a n d  u n a m b i g u o u s  s i g n a l  o f  Q G P  f o r m a t i o n .  M o r e o v e r ,  it  is  
a i n a / m g  t o  s e e  t h a t  t h e  e x i s t i n g  d a t a  a r e  e x p l a i n e d  b o t h  i n  t h e r m a l  H G  p i c t u r e  a s  w e l l  a s  in  
c a s c a d e  m o d e l  a p p r o a c h .
S t r a n g e n e s s  a b u n d a n c e  h a s  b e e n  s u g g e s t e d  t o  b e  o n e  s u c h  s i g n a l .  T h e  i d e a  i s  s i m p l e .  
I n  a  b a i  y o n - d e n s e  h a d r o n  g a s ,  w e  h a v e
W h e n  f.i(j >  2 0 0  M e V  a n d  m s =  1 5 0  M e V ,  n s > n - .  S i m i l a r  r e s u l t s  o n e  o b t a i n s  f o r  qq 
s y m m e t r i c  0  c p tf =  0 )  s y s t e m  a s  w e l l  w h e n  T  » m s. M o r e o v e r ,  i t  i s  e a s i e r  t o  p r o d u c e  a-
(28)
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quark in QGP than K-meson in HG because mK > ms and degeneracy factor for s quark is 
larger than that of K meson. Larger n7 /nr, ratio in QGP means a larger K+/jt* ratio after 
hadronization of the QGP. Recent CERN experiments using sulphur-nucleus reactions have 
reported a strangeness abundance 3-5 times larger than observed in pp reactions. However, 
this rise in the strange particle production can be explained either by using thermal models 
or by hadron cascade models. Moreover, the rise in K+/t?  production can also be explained 
by considering a medium modification of hadronic parameters e.g. masses ere.
Asher Shor [ 1 5 ]  inferred from large s and J  quark densities that there would be an 
abundant production of 0 mesons. Since 0 production from ordinary hadronic processes, 
e.,g. Kp—>0n and pp—xppp etc, are suppressed due to Okubo-Zweig-Iizuka (OZI) rule, so 
0 mesons from a hadron gas without QGP formation would be far too smaller in magnitude. 
The OZI rule forbids processes if they involve disconnected “hairpin" type quark-line 
diagrams. However, OZI rule is not exact and we invoke unitarity diagrams to explain such 
breaking. In the dual topological unitarization (DTU) scheme, the twists in the quark lines 
involved in the s-channel unitarity diagrams give rise to a cancellation mechanism and thus 
the suppression of amplitude is explained. However, the twists in the t-channcl quark lines 
do not give rise to such cancellation mechanism. In other words, 0 production in the 
fragmentation region (large -regime) is more suppressed than in the central region (small 
p  region). Thus we suggested that the variation of the ratio 0/ to with the baryon chemical 
potential can serve as a signature because this ratio rapidly decreases for a HG without any 
QGP formation whereas in the presence of a QGP matter, it is almost a constant [16]. 
However, we cannot infer about p  and T  in a nucleus-nucleus collision unless we use an 
EOS for the matter. Recently we have suggested [17] that we can study the variation of 
0/ (p + (0) either with baryon density nB or energy density £ and this will give a potential 
probe for a QGP formation. In our calculation, we have used hadronic EOS proposed earlier 
and get .the energy density £ = TS + p  n, -  P. We take K, K. 17, p, to, 17' K \  0, p, n. A , I, 5, 
4  r* and A* (1405 MeV) in our calculation for the quantities of HG.
For the calculation of the ratio 0 /(p + to) from a QGP, we consider production of 
quarks and anti-quarks in the plasma during the equilibration of gluons in the mid-rapidity 
region and the probability for the emission of a particle with q quarks per unit of phase 
space volume is
where fq is the probability for creation of quarks by gluon fragmentation, mq is the mass of 
the quark q, kq  is the chemical fugacity, gq is the degeneracy factor, yq is the relative 
equilibration factor and Eq is the energy of the quark. Thus after some assumptions, we get
We have used the same £7 window for the particles. In Figures. ( 11-12), we have shown 
the variation of the ratio with respect to £ and nB• respectively. We find for QGP formation,
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0 / (p +  to) r e m a i n s  c o n s t a n t  a r o u n d  0 . 4 .  H o w e v e r ,  l o r  a  H G  w i t h o u t  Q G P ,  t h i s  r a t i o  
i n c r e a s e s  w i i h  £ a n d  r e a c h e s  a  c o n s t a n t  a r o u n d  0 . 2 5 .  T h e  v a r i a t i o n  o f  t h e  r a t i o  w i t h  tig a l s o
Figure II. Variation of the ratio p /lp °  + aP) with the baryon number density at a fixed energy 
density t = I GeV/lm:\ The solid line represents the QGP contribution, the dash-dotted line 
indicates thermal hadron gas calculation and dashed line represents the contribution Irom the 
superposed hadron-hadron model
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F ig u re  1 2 . V a r ia tio n  o f  the ra tio  p / ( p °  +  op) w ith  the energy  density  e at o constant ng = 
0 .2 5  fm “ \  solid line  represents the Q G P  c o ntribu tion  and dash-dotted lin e  represents the ihermol 
hadron gas calculation. E xperim enta l data are token fro m  [2 6 ].
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shows a similar behaviour. Moreover, wc find that variation of <j>/{p + to) with nB can also 
distinguish, between a thermal picture and cascade picture of HG. Similar conclusions can 
be derived for other strange particles 118].
One important signature 119] lor the QGP formation has been suggested as photons 
and dileptons production. Since these particles are subjected to electromagnetic interactions 
only, their mean free paths arc larger and they are unaffected by the hadronization of the 
system. Since they reveal the thermal status of the fireball, these particles are known as 
thermometers. For dileptons from QGP, we have mainly the process qq —»p+p~ whereas 
Irom a HG rtic - » p+p\ p p - *  p*p~, Z> l?p~ as well as Drell Yan processes pp p+p~ 
X can contribute. Our main motivation is to identify some particle ratios or particle spectra 
which are much different from the HG background. Similarly for the photon production, 
qq HY qx qy> qX q Ycontribute in the QGP whereas nit -» py,; np -» nyy 
p -> nny w —> ny etc. contribute m the HG case. The situation as standing at present tells 
that HG contributions almost match with the QGP contributions.
One significant signature for QGP lbimalion was the suppression in J/^production 
as suggested by Malsui and Salz. The idea is that J /F  is mainly produced in the pre- 
equilibrium collision state. Since it has a large mass, its production from a thermally 
equilibrated system is not significant unless we have a very large temperature. J/*F then 
passes through a deconfining medium in the case of a QGP formation. So the resonance 
melts into cZ quarks and they arc separated by a large distance depending on the size of the
F ig u r e  13 . T h e  J /F  s u rv iv a l p ro b a b ility  a fte r ab so rp tio n  th ro u g h  n u c le a r  
m atter, as a 'fu n c tio n  o f  w here  A and B are the mass num bers o f
(he c o llid in g  ob jects  T h e  fu ll lin e  (dotted  lin e ) is the  s u rv iva l p ro b a b ility  fo r  
ih e  p ro to n -n u c leu s  (n u c le u s -n u c leu s) system s, ca lcu la ted  w ith  a cross section  
a0 -  6 .2  m b.
deconfining medium. Thus the possibility for a recombination into J/*F is very small. In 
comparison, for a HG without QGP formation only some of J/*F will be lost due to 
^scattering. So a suppression in J/F  production will signal a QGP formation. NA38 
experiments with O-U at 200 GeV/A clearly show such suppression for J /F  peak in the
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m a s s  d i s t r i b u t i o n  o f  d i l c p l o n s  a r o u n d  3 .1  G c V .  M o r e o v e r ,  J /  V s u p p r e s s i o n  o c c u r s  m o r e  a t  
l o w e r  p i  a s  e x p e c t e d  f o r  Q G P  f o r m a t i o n .  H o w e v e r ,  c o n v e n t i o n a l  e x p l a n a t i o n s  w i t h  n u c l e a r  
a b s o r p t i o n  01 r e s c a t l e r m g  c a n  a l s o  e x p l a i n  J /H *  s u p p r e s s i o n .
R e c e n t l y .  N A 5 l )  c o l l a b o r a t i o n  h a s  r e p o r t e d  | 2 0 )  a  s t r o n g  s u p p r e s s i o n  o l  J / ¥ '  
p r o d u c t i o n  i n  P h - P h  c e n t r a l  c o l l i s i o n s  a t  I 5 K  G e V / A .  T h e  s u p p r e s s i o n  i s  m u c h  s t r o n g e r  
t h a n  t h e  e x p e c t e d  o n e  f r o m  c o n v e n t i o n a l  e x p l a n a t i o n s  12 1 ) w h i c h  e x p l a i n  t h e  p r e v i o u s  d a t a  
l o i  O - G  o r  S - U  c e n t r a l  c o l l i s i o n s ,  a s  w e l l  a s  l o r  t h e  h a d r o n - n u c l e u s  c o l l i s i o n s .  T h u s  N A 5 0  
d a t a  a s  s h o w n  i n  F i g u r e  1 3 ,  s h o w  a  c l e a r  d e v i a t i o n  f r o m  t h e  p r e v i o u s  s i t u a t i o n  1 2 2 J .  It is 
b e l i e v e d  l h a t . t h i s  n e w  o b s e r v a t i o n  h a s  g i v e n  u s  t h e  f i r s t  c l e a r  h i n t  f o r  t h e  d c c o n f i n c m e n t  
o c c u r r i n g  i n  t h e  u l t r a - r e l a t i v i s t i c  h e a v y  i o n  c o l l i s i o n s .
6 . Marly universe scenario
I n  t h e  e a r l y  u n i v e r s e ,  t h e  c o l o u r e d  q u a r k s  a n d  g l u o n s  w e r e  d c c o n l i n e d  a n d  t h e  m a i l e r  
e x i s t e d  in  t h e  l o i m  o l  Q G P .  A s  t h e  u n i v e r s e  e x p a n d e d ,  t h e  t e m p e r a t u r e  d r o p p e d  t h r o u g h  th e  
c i  m e a l  l e m p e r a l u i c  I] l o r  t h e  p h a s e  t r a n s i t i o n  w h e r e  t h e  Q G P  c o u l d  e x i s t  i n  t h e r m a l ,  
m e c h a n i c a l  a n d  c h e m i c a l  e q u i l i b r i u m  w i t h  a  d e n s e ,  h o t  H G .  T h i s  c o u l d  i n d u c e  a  l a r g e  
i s o t h e r m a l  b a r y o n  n u m b e r  f l u c t u a t i o n  w h i c h  w o u l d  c h a n g e  t h e  s t a n d a r d  s c e n a n o  Im  
p r i m o r d i a l  n u c l e o s y n t h e s i s .  T h e  r a t i o  o f  b a i y o n  n u m b e r  d e n s i t i e s  i n  t h e  t w o  p h a s e s  is 
r e p r e s e n t e d  b y  a  b a r y o n  c o n t r a s t  r a t i o  R -  n ^ l,t /  /i JJ( ' e v a l u a t e d  a t  7 =  f\  a n d  t h e  b a r y o n  
c h e m i c a l  p o t e n t i a l  f j /t =  l l H ,)7'( I f  f t  » I .  w e  g e l  a  t h e r m o d y n a m i c a l l y  f a v o u r a b l e  c o n d i t i o n  
l o i  t h e  b a r y o n  n u m b e r  t o  r e s i d e  p i e d o m m u n i l y  m  t h e  Q G P  p h a s e .  R e c e n t l y .  s c \ c i a l  
a t t e m p t s  l i a C e  b e e n  m a d e  t o  d e t e r m i n e  t h e  v a l u e s  o l  f t  u s i n g  \ a n o u s  t y p e s  o l  e q u a t i o n  ol  
s l a t e  ( L O S )  l o r  t h e  Q G P  a s  w e l l  a s  H G  p h a s e s .  T h e s e  s t u d i e s  a m p l y  m a k e  it c l e a r  t h a t  t h e  
q u a r k - l i a d i o n  p h a s e  t r a n s i t i o n  i n d u c e s  a  l a r g e  f l u c t u a t i o n  m  t h e  b a r y o n  d e n s i t y  in  t h e  e a i l x  
m m  e r s e  12 3 - 2 5 1.
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